Objective: The present study investigated the relationship between neurologic outcome and total circulating white blood cell (WBC) and absolute neutrophil counts (ANCs) in the first week of life in term infants with hypoxic-ischemic encephalopathy (HIE).
Introduction
Hypoxic-ischemic encephalopathy (HIE) is a major cause of infant mortality and morbidity with long-term neurological sequelae. 1, 2 Hypoxic brain injury is an evolving process that results from an initial insult and extends during the reperfusion phase of injury. 3 Recent evidence suggests that hypoxic-ischemic tissue damage activates an inflammatory response that exacerbates injury. Specifically, cell injury activates surrounding microglia and astrocytes 4 resulting in the synthesis and production of pro-inflammatory cytokines such as interleukin (IL) 1b, IL-6 and tumor necrosis factor-a. 5 Hypoxia increases white blood cell (WBC) production and the number of circulating neutrophils, 6 while cytokines increase vascular permeability 7 and upregulate expression of intercellular adhesion molecules (ICAM), mediators that induce migration of leukocytes and promote local inflammatory reactions. 8 In addition, cytokines increase the affinity of neutrophil integrins to ICAMs 8, 9 promoting transendothelial migration. 7, 10, 11 Inflammation-induced cell injury occurs due to the 'oxidation burst' that involves neutrophil production of reactive and toxic metabolites such as hydrogen peroxide, superoxide anion and hypochlorous acid. 12, 13 Thus in addition to core tissue damage from a deficiency in oxygen or reduced blood flow, a penumbra of cell injury progresses from invasion of phagocytes and local production of free radicals and toxic metabolites.
In preclinical trials, WBCs have been shown to contribute to focal ischemic damage in adult and neonatal animal models, as evidenced by an accumulation of neutrophils in ischemic tissue and the protection afforded by agents that prevent their accumulation or activation. 14, 15 Whether global hypoxic-ischemic brain injury in neonates is associated with systemic activation of the immune system and affects neurological outcome has not been investigated. The objective of this study was to determine whether WBC and absolute neutrophil counts (ANC) in neonates with a history of hypoxia-ischemia was associated with acute brain injury as determined by a magnetic resonance imaging (MRI) scoring system and with long-term neurodevelopmental outcome assessed using the Pediatric Cerebral Performance Category Scale (PCPCS) score.
Methods
Medical, radiographic and research records of newborns with HIE admitted to the Neonatal Intensive Care Unit at Loma Linda University Children's Hospital between April 1995 and March 2002 with severe fetal acidemia were reviewed. Inclusion criteria included MRI scan in the first month of life and at least one of the following : 5 min Apgar score of p5; umbilical cord arterial pHp7.10; umbilical cord base excess XÀ10; clinical post-asphyxial syndrome (encephalopathy, seizure, intraventricular hemorrhage); and a complete blood count obtained at least every 24 h in the first 96 h life. Exclusion criteria included gestational age <37 weeks, major congenital malformations, metabolic disease or central nervous system infections.
Data extracted from the medical records included the following information: maternal, fetal and neonatal conditions such as inflammation or infection, 16, 17 alcohol or illicit drug abuse; 18 and intrapartum events that result in prolonged and catastrophic asphyxia (for example, cord compression), 19 presence or absence of meconium, place of delivery, neonatal neurological examination, gestational age, gender, birth weight, mode of delivery, first blood gas, electroencephalogram, occurrence of clinical seizure activity, need for cardiopulmonary resuscitation and neonatal steroid administration.
Hematological data which included WBC, ANC, mature neutrophils (segs) and immature neutrophils (bands) were recorded and classified during the following intervals (1) 0 to 12 h of life; (2) 12 to 24 h; (3) 24 to 48 h; (4) 48 to 72 h; and (5) 72 to 96 h of life.
Magnetic resonance imaging
Neonates were imaged as soon as they were clinically stable to be transported safely to the MR scanner. All studies were performed using a circularly polarized head coil in a conventional 1.5T whole-body imaging system (Magnetom Vision, Siemens Medical Systems, Iselin, NJ, USA). Images were acquired using standard methods and scored using a previously validated scoring system 20 ( Table 1) . To assess severity of injury in the basal ganglia (BG) and watershed-cortical regions, three sequences were used (1) sagittal and axial T1 weighted (T1W) spin echo sequences, (2) an axial triple spin echo sequence and (3) a diffusion weighted single-shot echo planar imaging (DWI) sequence. The proton density weighted image and the T2 weighted image along with the T1W and DWI were evaluated by a neuroradiologist and used to assign a basal ganglia (BG) score, a watershed (W) score and a combined basal ganglia/watershed (BG/W) score for each type of image. The MR scoring system used in this study was previously shown to discriminate between good and poor neuromotor and cognitive outcomes at 3 and 12 months in asphyxiated neonates. 20 Scores range from 0 (normal) to 4 or 5 (extensive involvement) in the regions evaluated.
Long-term neurological outcome scores Neurologic outcomes were measured at discharge and subsequent visits and at 18 month of age using the PCPCS score, a six-point outcome scoring system modified from the Glasgow Outcome Scale score that has been adapted for use in children. 21 The PCPCS was obtained by an experienced pediatric neurologist, who was blinded to MRI and total leukocyte count. The score includes the following outcomes: (1) normal: can perform all age-appropriate activities; (2) mild disability: conscious, alert and able to interact in most age appropriate activities and may have a mild neurological deficit; (3) moderate disability: conscious, sufficient cerebral function for age-appropriate activities of daily life, but has significant cognitive impairment; (4) severe disability: conscious, dependent on others for daily support because of impaired brain function; (5) vegetative state and (6) death. Outcomes were dichotomized as (1) good (that is, normal, mild or moderate disability) or (2) poor (severe disability, vegetative state, death).
Statistics
Neonates were divided into two groups: those with PCPCS scores of 1 to 3 were classified as having good outcome and those with 
Results
Thirty neonates met study criteria. Maternal and neonatal demographics data are reported in Table 2 . Mean values for birth weight, gestational age and gender were similar in both groups. Clinical parameters (pH, base excess, Apgar scores in the PCPCS groups and the need for cardiopulmonary resuscitation (CPR) were not significantly different between the two groups. There were no differences between the two groups for maternal race, mode and site of the delivery, presence or absence of meconium, maternal chorioamnionitis and treatment with antibiotics before delivery. Of the 30 neonates, only 24 had available long-term follow-up outcomes. Fifteen neonates had PCPCS scores indicating normal, mild or moderate disability and were classified as having good outcome (n ¼ 15). Nine neonates had PCPCS scores indicating severe disability, persistent vegetative state or death and were classified as having poor outcome (n ¼ 9). Neonates with good neurologic outcomes had significantly lower MRI scores (less evidence of injury) and significantly lower PCPCS scores (Table 3) . There were no differences in MRI and PCPCS scores between neonates with good outcomes and infants lost to follow-up (Table 3) . 
Infant demographics
Estimated gestational age in weeks mean (SD) 39 weeks ( When WBC and ANC levels were examined in the first 12 h of life, no differences were seen between the two groups. However, WBC and ANC levels increased at 12 to 24 h of life in neonates with poor outcome and remained elevated until 96 h of life (Figures 1  and 2 ; P<0.05). We also found significant positive correlation between MRI scores and WBC and ANC levels at 12 to 24 h (r ¼ 0.51, P<0.01) and 24 to 48 h of life (r ¼ 0.46, P<0.05), specifically in the BG. As with MRI and PCPCS scores, WBC and ANC levels of neonates lost to follow-up were similar to those neonates with good outcome.
Interestingly, the percent immature neutrophils (bands) were not different between the two groups, except for the first 12 h of life, where the percent immature neutrophils were significantly higher in those with poor outcomes (poor outcome ¼ 17% and good outcome ¼ 8%; P<0.05). However, the percent mature neutrophils (segmented neutrophils) showed an opposite trend. Although no significant differences in mature neutrophils were seen between the two groups in the first 24 h of life, mature neutrophil levels began to normalize by 48 to 72 h of life in those with good outcome but remained elevated in those with poor outcome. By 72 to 96 h of life, the percentage of mature neutrophils were significantly higher in those neonates with poor outcomes (poor outcome ¼ 57% and good outcome ¼ 39%; P<0.05). We found significant positive correlations between MRI scores and percent mature neutrophil levels at 72 to 96 h life at BG and watershed. We also found significant positive correlation between PCPCS scores and WBC and ANC at 48 h (r ¼ 0.48, P<0.05), suggesting that elevated WBC and ANC at 48 h may be associated with more extensive injury. Specifically, higher levels of segmented neutrophils at 72 to 96 h of life correlated significantly with abnormal long-term outcome (r ¼ 0.54, P<0.01). 
Discussion
We observed that neonates with poor long-term neurologic outcomes had significantly higher WBC and ANC levels beginning at 12 to 24 h of life compared to neonates with good outcomes. This trend continued until 96 h of life. Acute injury, as measured by MRI scores in the first 3 weeks of life correlated significantly with WBC and ANC levels at 12 to 24 and 24 to 48 h of life, specifically in the BG. Our data support studies in adult stroke patients in whom increased WBC counts in the third tertile (above 9.7 Â 10 3 ml
À1
) within 12 h of admission had more than an eightfold increased risk of in-hospital mortality than patients with WBC counts in the first and second tertile. 22 The timing of WBC response in adults was consistent with our findings, which demonstrates the ability of term neonates to mount a neutrophil response that is comparable to adults. Our data also support a previous study by Naeye et al. 23 which correlated antenatal bradycardia with lymphocytosis and Paul et al. 24 in very low birth weight neonates which showed an association between intraventricular hemorrhage and increased total leukocytes and absolute neutrophils for 72 h after birth.
Although our data do not provide a direct cause and effect relationship between increased circulating neutrophils and brain injury, our findings demonstrate that elevated WBC/ANC in the first 4 days of life may signal long-term neurologic morbidity. In hospitalized infants without bacterial infection, WBC and neutrophil values that are considered 'normal' range from 5 to 15 Bil l À125 and 'normal' neutrophil counts range from 11 to 15 Bil l À1 in the first 60 h after birth and less than 6 Bil l À1 after 60 h. 26 In the current study, neonates with poor outcomes had WBC and ANC values that are significantly higher than infants with good outcomes. Although many hospitalized infants with elevated WBC and ANC will unlikely develop serious pathology, elevated WBC and ANC levels in neonates with HIE may be important factors in identifying neonates at risk for long-term neurologic impairment.
As none of the neonates in our cohort had positive blood cultures nor maternal chorioamnionitis as documented in the medical records, the observed increase in WBC and ANC may be due to activation of the inflammatory cascade secondary to hypoxia-ischemia. In P7 rats, exposure to hypoxia-ischemia induced rapid accumulation of activated microglia within 4 h. 27 Activated microglia, as well as astrocytes, are known to secrete proinflammatory cytokines. 27 Cytokines induce leukocyte proliferation, increase the number of circulating neutrophils and promote endothelial transmigration and chemotaxis into areas of injury. 28 In 3-week-old Fisher rats, infiltration and accumulation of neutrophils into injured brain areas was noted 6 h after the injection of pro-inflammatory cytokines. 29 Neutrophil accumulation peaked at 3 days and persisted for at least 15 days. 8 The present human data are consistent with these results: neonates with abnormal neurologic outcome had significantly higher peripheral WBC and ANC by 12 to 24 h of life compared to neonates with good long-term neurologic outcome. Because neutrophils produce reactive and toxic metabolites such as reactive oxygen species and hypochlorous acid via two enzymes, membrane-associated nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and myeloperoxidase, respectively, continued and prolonged accumulation of neutrophils in the injured area exacerbates hypoxic-ischemic-induced brain injury. 13 In adult rats subjected to hypoxic-ischemic insult, myeloperoxidase activity increased within 24 h and persisted for at least 15 days. 8 These data are consistent with our findings which showed positive significant correlation between long-term neurologic outcome (as measured by PCPCS) and elevated WBC and ANC at 48 h of life.
Although neutrophil infiltration into the brain parenchyma after ischemia-reperfusion has been shown to aggravate brain injury in some preclinical studies, 8, 30 other studies failed to show a correlation between neutrophil infiltration and infarct formation. 31, 32 This may be related to the type and maturity of the animal models utilized, the various methods used to activate the inflammatory cascade as well as the complexity of the innate immune response. Besides neutrophils, cells such as macrophages and monocytes also contain myeloperoxidases and other cytotoxic enzymes. 8 The pathogenic role of these cells in cerebral ischemia remains unclear. Neutrophils are observed to undergo apoptosis by 24 h, resulting in macrophage infiltration and phagocytosis. Macrophages may acquire myeloperoxidase from their environment via pinocytosis or from ingested neutrophils. 8 Although neutrophils exhibit a larger respiratory burst, macrophages may play a role in cytotoxic cell death days after hypoxic-ischemic injury.
The principal limitation of the current study is related to its retrospective design and the inherent problems associated with use of a data registry. Another major weakness of the study is the loss of long-term outcome data in 20% of our population. In addition, changes in WBC and ANC that occur a few days after the hypoxic/ischemic insult may be too late in determining which neonates may need early intervention. Our results do not establish a cause and effect relationship between peripheral total leukocytes and abnormal neurodevelopmental outcome in neonates with neonatal hypoxia, but suggest that elevated levels of WBC and ANC may be predictive of adverse long-term neurologic outcome. Additional studies are needed to determine the time course of neutrophil activation and infiltration in normal and brain-injured neonates.
